We report an in situ observation of temperature-dependent phase transition in MnAs thin film by transmission electron microscopy (TEM) techniques. Following the identification of the crystallographic transition, from hexagonal α-MnAs to quasihexagonal β-MnAs, the orbital-to-spin moment ratio is measured and a breaking of the ferromagnetic order locally observed, thanks to the electron magnetic chiral dichroism (EMCD) technique. To achieve quantitative information, applying the sum rules to the dichroic signal of magnetic anisotropic materials is accurately discussed. Finally, the orbital-to-spin moment ratio of α-MnAs along the easy, hard, and intermediate magnetic axes is estimated by EMCD and compared to implemented density functional theory (DFT) calculations. The influence of the magnetocrystalline anisotropy is locally demonstrated. This work in particular illustrates the feasibility of the EMCD technique for in situ experiments, and proves its potential to explore the anisotropy of magnetic materials.
I. INTRODUCTION
MnAs thin films on GaAs(001) substrates have been widely studied in recent years due to their potential use in spintronic applications [1] [2] [3] . Thanks to techniques such as scanning tunneling microscopy [4] , atomic force microscopy (AFM) [5] , and magnetic force microscopy (MFM) [4, 5] , the temperaturedependent surface topography and the micromagnetic structure have been revealed. The hexagonal α-MnAs and the orthorhombic β-MnAs coexist between approximately 10°C and 45°C in MnAs thin films with alternating stripes formed along the [0001] direction due to strain stabilization [4] . During the phase transition, the α-MnAs gradually transforms into β-MnAs with temperature rising, until the temperature T c of about 45°C, where no α-MnAs is left [5] . A superconducting quantum interference device (SQUID) has been frequently used to study the magnetization of MnAs thin film. It was reported that α-MnAs is ferromagnetic with an easy axis along the [1120] direction and a hard axis along the [0001] direction within the growth plane (1100) [6] . When the temperature increases, the magnetic anisotropy becomes weaker and the magnetization is simultaneously decreasing [7] . X-ray magnetic circular dichroism (XMCD) was once applied to study local temperature-dependent magnetization on the phase-coexistence region using a probe diameter of 800 nm [8] . The magnetization versus temperature curve follows the same trend as the one obtained by SQUID, and furthermore, it provides the information of spin and orbital magnetic moment for the exploration of a more fundamental mechanism. It is of interest to further focus on the α-MnAs and follow the evolution of local magnetic properties during the phase transition. An emerging technique based on transmission electron microscopy (TEM), electron magnetic chiral dichroism (EMCD) [9] , provides a valuable tool to measure local values due to its high spatial resolution, which can be down to 1 nm [10] . In an ultimate case of tailored beams, the spatial resolution can be even less [11, 12] .
Electron energy loss spectroscopy (EELS) in the TEM gives access to the unoccupied density of states, and so provides information on electronic structure [13] . In the case of transition metals, L-edge spectra correspond to the excitation of a 2p electron to a 3d state, giving access to local magnetic properties which are carried by the 3d electron states. In EMCD, the dichroism signal is the relative difference of such EELS spectra recorded at two chiral positions [9] . These two positions are symmetrical points located on the Thales circle passing through the transmission spot and a Bragg spot on the diffraction pattern as indicated in Fig. 1 . At the two specific positions, different combinations of two electron scattering vectors q and q give rise to left-and right-handed polarized virtual photons, which are analog to a circular polarized x ray in XMCD. The magnetic moment information, spin and orbital moments, can be extracted from the dichroism signal by applying sum rules [14, 15] . Since Schattschneider et al. realized the experiment of magnetic circular dichroism in a TEM in 2006 [9] , experimental setups, signal recording methods, data processing methods, and application of sum rules have been constantly improved to make EMCD a more efficient technique for quantitative analysis of magnetic moments [15] [16] [17] [18] [19] [20] . The structure of the most commonly investigated materials is cubic, and the anisotropy is still rarely mentioned in papers related to EMCD, contrary to XMCD which is frequently used for that [21] .
In this paper we present the in situ temperature-dependent TEM investigation of MnAs thin film, grown on GaAs(001) substrate. The phase transition is observed and controlled from a structural point of view, and EMCD signals recorded. The sum rules are discussed and applied to interpret the signal from Mn 2+ in hexagonal α-MnAs as well as in the orthorhombic β-MnAs. A breaking of the ferromagnetic order is observed during the transition. Finally, we explore the magnetic anisotropy along different directions of the α-MnAs phase. Magnetic moments measured by EMCD are compared to density functional theory (DFT) calculations. This work illustrates the interest of EMCD experiment to dynamically and locally study and quantify magnetization, in particular in the case of ferromagnetic materials with magnetocrystalline anisotropy.
II. EXPERIMENTAL TECHNIQUES
The MnAs layers were grown using solid-source molecular beam epitaxy (MBE) on semi-insulating GaAs(001) substrates [4] . The thickness is 150 nm, and the layers are protected by a 10 nm thick As capping layer. The growth direction of the MnAs layer was at first studied by x-ray diffraction (XRD). XRD θ -2θ scans were carried out on a laboratory 5-circles diffractometer (Rigaku Smartlab), equipped with a CuK α1 radiation. MFM was performed to observe the magnetic contrast of the MnAs thin film at remanence after being magnetized along the easy axis. MFM experiment was made on a Bruker Multimode AFM operated in LiftMode procedure.
TEM thin foils were prepared for investigating the crystallographic structure and the local magnetic properties. Planview samples were prepared by polishing from the substrate side until a thickness of 10 μm, and then finally polished by ion-beam milling. Cross-sectional specimens were also prepared to probe the magnetic signal along different crystallographic axes. TEM studies were performed on a Tecnai F20 microscope operating at 200 kV, fitted with an objective lens aberration corrector (CEOS) and imaging filter (Gatan Tridiem). A Gatan 652 double tilt sample holder was used to heat the sample from room temperature (RT) to 50
• C inside the TEM. In situ observation of the evolution of the crystal structure and local magnetic moment around the transition temperature were achieved. The crystallographic transition of the hexagonal α-MnAs to orthorhombic β-MnAs was followed using the selected area electron diffraction (SAED) technique. The EELS spectra were acquired to check the thickness and elemental composition of the identified area. The EMCD technique was then applied on the same area to acquire dichroic signal at both RT and 50
• C. At RT, the EMCD signal has been acquired along different axes: easy axis [1120], hard axis [0001] , and intermediate magnetic axes [1100] of MnAs. This is achieved by using either the plan-view sample, or the cross-section one, tilted or not, taking into account that the magnetic moments are aligned along the optical axis due to the magnetic field from objective lens. At 50
• C, the EMCD signal was acquired on the plan-view sample tilted along the intermediate axis, for comparison with the signal acquired at RT. For EMCD experiment, the crystal was orientated a few degrees away from the zone axis to achieve a two-beam condition for minimization of the n-beam dynamic interaction, and we used a large-angle convergent diffraction (LACDIF) setup to obtain a diffraction pattern with two spots in the image plane, using a probe size of about 50 nm [16] . The spatial resolution was around 50 nm and the energy resolution is 0.7 eV. Energy spectrum imaging (ESI) technique was applied to record a data cube in the energy-loss range of 625-665 eV around the Mn L 2,3 edge with an exposure time of 20 s per energy slit [16] . Both the energy slit width and energy step size are 1 eV. Thus the data cube contains both energy loss and scattering angle information. With the ESI technique, the positions of the virtual entrance apertures can be determined accurately during post-process data treatment. It successfully avoids the problem of locating the spectrometer entrance aperture (SEA) or objective aperture (OA), which is tough to be located accurately on the two specific positions. Post corrections of nonisochromaticity and spatial drift were achieved using a home-made Digital-Micrograph image processing package [22] . From the corrected data cube, two EELS spectra were obtained at two specific positions, and the spectra difference which is a dichroic signal was extracted. Then sum rules were applied to the dichroic signal for quantitative analysis, by doing some calculations on the area under the L 3 curve within (636-644 eV) and the L 2 curve within (648-656 eV).
To support the experimental result, first-principles calculations based on the DFT and on the generalized gradient approximation (GGA) [23] were performed, using the fullpotential linearized augmented plane waves code Wien2k [24] . The atomic sphere radii were chosen to 2.0 a.u. for both Mn and As and we made the calculations with the following experimental lattice parameters a = 3.7253Å, c = 5.7031Å. 
III. RESULTS AND DISCUSSION

A. Structural information
A x-ray diffraction (XRD) θ -2θ scan is shown in Fig. 2 . The peaks around 27.7°, 57.1°, and 91.7°correspond to (1100), (2200), and (3300) α-MnAs planes, respectively. It indicates that the MnAs film is constituted of only one epitaxial outof-plane orientation. A weak peak denoted by an arrow in the figure, and shifted about 1.3°from the large (3300) peak of α-MnAs, is attributed to β-MnAs. It indicates the coexistence of the two phases at RT.
As expected from previous studies [4] , the MFM scan of Fig. 3(a) confirms that, at room temperature, the MnAs layers display ridges and grooves, alternating α (magnetic) and β (nonmagnetic) phases to form a self-organized pattern of micron-wide stripes. Figure 3(b) clarifies the relationship between stripe direction and crystal orientation of the α-MnAs with respect to the (001) plane of GaAs substrate. The distance between the stripes (about 1 μm) [4] prevents the TEM observation of such a contrast.
In Fig. 4 B. In situ observation of phase transition
Crystallographic transition
Inside a TEM, the difference between α and β phases cannot be easily seen because of their similar atomic structure. For instance, we cannot conclude on the α or β structure of the crystal shown in Fig. 4 . Nevertheless, it is found that we can differentiate them in the plan-view sample using electron diffraction technique in certain conditions [25] . When the α-MnAs is transformed into β-MnAs, some extra spots appear at specific positions in only some diffraction patterns, demonstrating the crystallographic transition occurred. So, α-MnAs has been identified by observing its diffraction pattern along the [2201] zone axis. On the very same area of identified α-MnAs, the crystallographic change upon temperature rise is monitored by observing the evolution of diffraction pattern along the [2201] zone axis, which corresponds to the [131] zone axis in orthorhombic β-MnAs. Fig. 5(b) , identifying that substantially all the MnAs in the selected area is hexagonal α-MnAs at RT. During the temperature increase, from RT to 50
• C, there is a continuous variation of the image contrast in the low-magnification brightfield image. When the sample reaches 40°C, the previously mentioned extra spots start to be noticeable in the diffraction pattern along [2201] , verifying that the transition to orthorhombic β-MnAs in the selected area has happened. When the temperature approaches 50
• C, the intensity of the extra spots is stable, and also for the contrast in the low-magnification image. The full duration of the temperature increase up to stabilization is about 5 min. The final low-magnification image and diffraction pattern acquired at 50
• C are presented in 
Figs. 5(d) and 5(e). Substantially, all the α-MnAs in the selected area at 50
• C is assumed to be transformed into β phase. Furthermore, it is worth noticing that three possible crystal orientations of β-MnAs with respect to GaAs(001) plane have been found after exploring several areas: β-MnAs(001)//GaAs(001), β-MnAs(011)//GaAs(001), and β-MnAs (011)//GaAs(001). The diffraction pattern in Fig. 5 
(e) just belongs to one case which is β-MnAs(011)//GaAs(001).
In the other cases, extra spots appear at different specific positions, but similarly exhibit the phase change. This information is in agreement with the XRD results. The 2θ angles of the (006), (033), and (033) planes corresponding to the three possible orientations of β-MnAs are very close and cannot be discriminated in the x-ray θ -2θ diagram. So, one peak representative of the three possible orientations of β-MnAs is present as a shoulder of the intense peak of α-MnAs, mainly present at RT.
FIG. 6. Diffraction pattern along the zone axis of (a) [1100] at RT and (c) [031] at 50
• C. The insets in (a) and (c) are the energy filtered (energy loss from 625-665 eV around the Mn L 2,3 edges) diffraction patterns in two-beam condition. EELS spectra are acquired at position 1 and 2 as well as the spectra difference multiplied by 5 (b) at RT, and (d) at 50
• C. A low pass filter has been applied to the spectra for better visibility.
Temperature-dependent EMCD signal
The EMCD results are demonstrated in Fig. 6 . First, the similarity of the two diffraction patterns is obviously seen in Figs. 6(a) and 6(c). In this experiment, the α-MnAs crystal at RT is orientated along the zone axis of [1100] [ Fig. 6(a) ], and then tilted several degrees to reach two-beam configuration where only diffraction spot (1120) is excited. At 50
• C, the transformed β-MnAs crystal is orientated along the zone axis [031] [ Fig. 6(c) ], which is parallel to the α-MnAs [1100] direction, and then reaches the same two-beam condition where only diffraction spot (013) is excited. Thus, the same diffraction spot is selected as shown in the insets. The dynamic interaction of the electron beam in the two cases are very analogous, thus it can be excluded as an influence factor when comparing dichroism signals obtained at RT and 50
• C. For 3d transition metal ions or atoms like Mn 2+ , the EMCD sum rule is written as Eq. (1) [14] , σ 2 − σ 1 is the spectra difference
The expression L 3 (σ 2 − σ 1 )dE means the integrated value of the difference spectrum within the energy-loss range corre-sponding to the L 3 peak. L z , S z , and T z are, respectively, the ground-state values of orbital momentum, spin momentum, and magnetic dipole operators projected along the z direction. m l and m s are, respectively, the corresponding orbital and spin magnetic moment, expressed as m l = L z μ B / and m s = 2 S z μ B / . In this equation, T z is negligible compared to S z for 3d transition atoms [26] . It is worth noting that an assumption of importance has been made to simplify the derivation of sum rules: all the magnetic moments in the detected sample must be aligned along the z axis, which is perpendicular to the plane defined by the diffusion vectors q and q (cf. Fig. 1 ). In standard TEM operating modes, the sample is under an external magnetic field as large as 2 T, due to the objective lens, so that the magnetic moments should be aligned along the magnetic field. The magnetic field is parallel to the optical axis, which is also the z axis mentioned above. If the precondition is not met, what is obtained with sum rules is just a projection of magnetic moment on the z axis. For the ferromagnetic α-MnAs, it is easy to achieve magnetic saturation in TEM, since the saturation field along the easy axis is less than 100 mT [6, 7] . However in practice, the easy axis of the film is not necessarily parallel to the magnetic field in TEM, but always tilted away from it to reach a two-beam condition. So it is of help to understand magnetic anisotropy field of MnAs/GaAs(001) thin film and determine the applied magnetic field required to saturate the sample along any axis.
As mentioned before, the MnAs film on GaAs(001) substrate has a magnetic hard axis along [0001] , and an easy axis along [1120] in the growth plane (1100). The magnetocrystalline anisotropy is the major contribution to the in-plane magnetic anisotropy. Thus, the in-plane magnetic anisotropy field H k can be described, according to Refs. [8, 27] , as H k = −2(K 1 + 2K 2 )/μ 0 M s , where K 1 and K 2 is the first and second order of anisotropy constant, respectively, μ 0 is vacuum permeability, and M s is the saturation magnetization. The values of K 1 = −7.9 × 10 5 J/m 3 , K 2 = 1.1 × 10 5 J/m 3 , and M s = 0.65 × 10 6 A/m around RT [8] were used to estimate B k = H k μ 0 = 1.75 T. The reported values of in-plane magnetic anisotropy field of 2 T [7, 28, 29] is consistent with our calculated value. The film also has an out-of-plane magnetic anisotropy, but weaker than the in-plane one [7, 29] , which means the saturation field along the [0001] hard axis is larger than that along the out-of-plane [1100] intermediate axis. The magnetic field from the objective lens being measured is 2 T in our experimental conditions, it is high enough to saturate the sample regardless of the sample orientations inside the TEM. We then apply the sum rule to the signal shown in Fig. 6(b) but without being filtered, and the m l /m s ratio deduced is of 0.08 ± 0.04. More detailed explanations will be given in the next section.
In the case of β-MnAs, it is more complicated. There is even no consensus on its magnetic nature yet. Theoretical and experimental evidences can be found to support both paramagnetism and antiferromagnetism [30] . If it is paramagnetic, under the magnetic field of 2 T in TEM, the disorderly arranged magnetic moments have the tendency to align along the z axis. Note that there is intrinsic net magnetic moment of Mn atom, and the magnetization projected along the z axis is not zero under magnetic field, therefore the dichroism signal σ 2 − σ 1 should theoretically appear, according to Eq. (2) , where N h is the number of holes in the d bands and K contains all the information related to the dynamical diffraction effects [13] 
But no dichroism signal appearing in Fig. 6(b) is sufficient evidence to reject its paramagnetism, because the magnetization of β-MnAs under an applied magnetic field of 2 T is much smaller than the one of α-MnAs. In Ref. [28] the magnetization of β-MnAs around RT is measured to be almost 10 times smaller than that of α-MnAs under 2 T. Thus, the dichroism signal of paramagnetic β-MnAs may be too weak to be detected by EMCD technique, due to the insufficient signal-to-noise ratio. On the other side, if β-MnAs is antiferromagnetic, the magnetization is even smaller, and the dichroism signal is still more difficult to obtain. Another possible explanation for antiferromagnetic behavior is that the dichroism signal from the parallel moments will be in opposite sign with the signal from the antiparallel moments. If the total moments are zero, their contribution to the dichroism signal will cancel each other out. With the disappearance or largely weakening of the dichroism signal, the ferromagnetic order is seen to be broken following the crystallography transition.
C. Anisotropic EMCD signal for magnetocrystalline anisotropic α-MnAs
In the previous section, it is mentioned that α-MnAs thin layer on GaAs(001) substrate has a large magnetocrystalline anisotropy. The external magnetic field of 2 T is enough to saturate the sample along the hard axis [0001] at RT, but only 1 T along the intermediate axis [1100] [29] and 100 mT along the easy axis [1120] are needed to saturate the layer. In principle, the spin moments are nearly isotropic and all of them can be aligned when the sample is magnetically saturated along the z axis in the TEM, but there is still charge anisotropy of the valence states involved in the core excitation process through the spin-orbit coupling [31] . In hexagonal MnAs, the orbital angular momentum of Mn 2+ is partly frozen due to the crystal field. The projection of orbital momentum L z varies with the sample orientation under the fixed magnetic field along the z axis. As a result, the measured EMCD signal and the obtained moment ratio cannot be free from the sample orientation, but are anisotropic. Figure 7 shows the result of EMCD experiment performed on the cross sectional sample orientated along the direction close to the hard axis [0001] . This direction is perpendicular to the intermediate axis and the spot (1010) is selected in Fig. 7(a) . Table I , where the XMCD experimental value of 0.03 ± 0.02 obtained along the easy axis at around RT is extracted from Ref. [8] . From Table I it can be seen that the experimental EMCD value of 0.09 ± 0.04 for easy axis measurement is larger than the XMCD value of 0.03 ± 0.01 obtained along the same axis. Data correction of spin moment with a constant of 1.47 has been proceeded to compensate for the effect of the mixing between L 2 and L 3 edges for the XMCD result and not for EMCD ones. The experimental measurements, in particular when compared to the theoretical one, can be considered to be of the same order of magnitude, largely far from the theoretical ones. The discrepancy between the experimental and theoretical results may partly originate from the simplification of the theoretical calculation. The theoretical calculations are based on the atomic ground state at T = 0 K, and are performed for d electrons inside atomic spheres only, whereas the experiment was made at RT where other excited states can mix into the ground state due to thermal motion. In addition, the sample is orientated a few degrees away from the zone axis to a two-beam condition in the EMCD experiment, so the spin-orbit coupling is not exactly the same as set in the theoretical calculation. Taking into account these weaknesses, relative EMCD variations observed were expected from the predicted ones. So we can say that the EMCD technique is an interesting technique to study anisotropy of ferromagnetic material. That is to say, if the diffraction spot in the two-beam condition is selected from a different diffraction pattern due to different sample orientation, the measured ratio may change. So making clear the sample orientation or the selected diffraction spot is necessary to understand the measured dichroism signal and the moment information it carries.
IV. CONCLUSION
In conclusion, we presented in situ observation of the phase transition in MnAs thin film when the film was heated from RT to 50
• C in TEM. The phase transition from α-MnAs to β-MnAs was verified by the crystallographic transition from a hexagonal structure to an orthorhombic one, and the EMCD signal acquired before and after crystallographic transition shows the breaking of the ferromagnetic order during phase transition. We discussed the application of EMCD sum rules to the dichroism signal obtained from hexagonal ferromagnetic α-MnAs, and verified that the EMCD signal and the measured magnetic moment ratio are anisotropic for the magnetic anisotropic materials.
